OBJECTIVEdAlthough diabetes increases the risk of cardiovascular disease (CVD) and mortality, the dose-response relationship between fasting glucose levels below those diagnostic of diabetes with cardiovascular events has not been well characterized.
D
iabetes is a well-established risk factor for cardiovascular disease (CVD) and all-cause mortality (1) (2) (3) . Impaired fasting glucose (IFG), defined by the American Diabetes Association as having a fasting plasma glucose level of 100-125 mg/dL (5.6-7.0 mmol/L) or a 2-h value on the oral glucose tolerance test of 140-199 mg/dL (7.8-11.1 mmol/L) (4) was associated with CVD risk in several studies (1, (5) (6) (7) . The evidence is inconsistent, however, and the clinical relevance of IFG as a predictor of CVD is still unclear (8) (9) (10) (11) . In addition, the shape of the doseresponse relationship between CVD risk and fasting glucose level has not been well characterized across the full range of fasting blood glucose values.
It is unclear whether there is an optimum fasting glucose level associated with the lowest level of CVD risk (12, 13) , or whether risk increases at very low fasting glucose levels (14) . Several studies have shown J-shape or U-shape relationships between fasting glucose levels and mortality (3, 5, 14, 15) .
The Korean Cancer Prevention Study (16, 17) (KCPS) is a cohort study of .1.3 million Korean adults designed to evaluate major risk factors for chronic diseases and mortality. The large sample size of this cohort facilitated detailed characterization of the dose-response relationship of fasting glucose level with the incidence of clinical CVD end points.
RESEARCH DESIGN AND METHODS

Study population
The KCPS is a prospective cohort study of Korean government employees, public and private school teachers, and their dependents who were insured by the Korean Medical Insurance Corporation, the former National Health Insurance Corporation (16, 17) . The cohort includes 1,329,525 Koreans (846,907 men and 482,618 women) aged 30-95 years; 784,870 (59%) subjects were enrolled in 1992, 367,903 (27.7%) were enrolled in 1993, 98,417 (7.4%) were enrolled in 1994, and 78,335 (5.9%) were enrolled in 1995. Follow-up began on 1 January 1993, so 904 people enrolled in 1992 and who died in that year were excluded. To avoid confounding of the association between fasting serum glucose and the risk of death by preexisting disease, 88,420 who reported having CVD, liver disease, cancer, respiratory disease, and diabetes diagnosed at or before the initial study visit were excluded. In addition, 42,817 people with missing information on fasting serum glucose, total cholesterol, systolic blood pressure, and alcohol intake and those with extremely low BMI 
Data collection
People insured by the Korean Medical Insurance Corporation were required to have biennial medical examinations conducted at designated hospitals or clinics nationwide by medical staff following guidelines provided by the Korean Medical Insurance Corporation. Participants were asked to provide their medical history and to respond to a lifestyle questionnaire that included items on smoking, alcohol drinking, and performance of regular exercise. The examination included height, weight, and blood pressure measurements, urinalysis, blood cell count, and routine blood chemistries after overnight fasting.
The follow-up period was up to 18.0 years. Incident events were determined from diagnoses on the discharge summaries of inpatient hospital records. In Korea, certified medical chart recorders review and abstract the medical chart and assign discharge diagnoses in a standardized form using the International Classification of Diseases, 10th revision (World Health Organization 1992). Vital status and cause of death were determined from computerized searches of death certificate data from the Korean National Statistical Office.
Study outcomes were defined as hospitalization or mortality attributable to ischemic heart disease (International Classification of Diseases, 10th revision, codes I20-I25), stroke (codes I60-I69), and atherosclerotic CVD, which included ischemic heart disease (codes I20-I25), stroke (codes I60-I69), hypertensive heart disease (codes I10-I15), other forms of heart disease likely related to atherosclerosis (codes I44-I52), disease of arteries (codes I70-I74), and other sudden death with cause unknown (code R96). Cardiovascular outcomes included hemorrhagic stroke (I60-I62) and ischemic stroke (I63-I66). For those who had more than one event during follow-up, we used only the first event for this analysis. An ischemic heart disease event validation study was conducted in collaboration with the Korean Society of Cardiology through the formation of the Event Validation Committee (July 2008-May 2009). For 673 participants with an ischemic heart disease event, review of individual hospital records showed that 73% of myocardial infarction diagnoses were valid (18) . Another validation study reported that 83% of stroke diagnoses were valid (19) .
Statistical analysis
Proportional hazards models were used to evaluate the association between baseline fasting serum glucose levels and atherosclerotic CVD. The assumption of proportional hazards was tested and met. Fasting serum glucose levels were categorized as ,70, 70-84, 85-99, 100-109, 110-125, 126-139, and $140 mg/dL. We used the group with fasting glucose level of 85-99 mg/dL as the reference category. All analyses were conducted separately for men and women and were adjusted for the following covariates: age at enrollment; BMI; systolic blood pressure; total cholesterol; alcohol intake (five categories based on grams consumed per day: 0, 1-24 g, 25-49 g, 50-99 g, and $100 g); participation in regular physical activity (yes or no) and smoking status (never smoker, former smoker, or current smoker); and the number of cigarettes smoked daily among current smokers (1-9, 10-19, and $20) . For more detailed analyses of the dose-response trends, we also used restricted quadratic spline models with knots at fasting glucose plasma levels of 70, 85, 100, 110, 126, and 140 mg/dL. All analyses were performed with SAS statistical software 9.2.
RESULTSdOn enrollment, the average age of study participants was 45.0 years for men and 49.4 years for women, and the average BMI was 23.2 kg/m 2 for both sexes. The average fasting glucose values were 91.1 mg/dL and 94.4 mg/dL in men and women, respectively. The percentages of study participants with fasting serum glucose ,100, 100-125, and $126 mg/dL were 76.8, 19.3, and 3.9% in men and 82.0, 14.8, and 3.2% in women. Among men, 60.2% were current smokers and only 20.8% were never smokers; among women, the corresponding figures were 4.1 and 93.9%, respectively.
In the cross-sectional baseline data, men and women with higher fasting glucose were more likely to be older, to have a higher BMI, and to have higher systolic and diastolic blood pressure and total cholesterol levels (Supplementary Tables 1 and 2 ). Participants in higher fasting glucose categories were also more likely to report that they were physically active. In men, the prevalence of current smoking was inversely, but weakly, associated with fasting glucose level, but positively and also weakly positively associated with glucose level in women.
We separately assessed the association of fasting serum glucose for risk of various CVD outcomes in men and women, finding similar patterns of association by sex for fatal and nonfatal events combined (Tables 1 and 2 For cardiac outcomes and thrombotic stroke, the general patterns of association were quite comparable. For participants having a glucose level in the range of 110-125 mg/dL the HR was increased by 10-20%, and those in the highest category experienced a doubling or more of the risk of having a CVD event. The HRs were highest for thrombotic stroke and myocardial infarction. In restricted quadratic spline models, the risks of cardiac outcomes and thrombotic stroke were lowest at fasting serum glucose levels of ;90 mg/dL and increased sharply above these levels in both men and women ( Figs. 1 and 2) .
We repeated the analyses for fatal and nonfatal events separately (Supplementary Tables 3-6 ). For men, the results for the fatal and nonfatal events were generally comparable. For women, the risks associated with low blood glucose were greater for fatal compared with nonfatal events.
We also assessed potential effect modification of the risk for all CVD outcomes by other risk factors, age, and sex. In general, we found little indication of substantial effect modification (Supplementary Table 7 ). There were significant overall interactions for hypertension (present versus absent) and age (younger than 55 years versus 55 years or older), but the differences in HRs were small. For both men and women, the HRs changed in a similar pattern with fasting glucose concentration across the two strata of age.
CONCLUSIONSdIn a large cohort of Korean men and women, we found that fasting glucose level was associated with higher risk for major CVD outcomes, increasing from a level of ;90 mg/dL after controlling for other risk factors. The dose-response curves showed progressive increments in the HRs from this value at both higher and lower levels; the increased risk was greatest for stroke. The patterns of association were similar in men and women, but the associations were stronger in women. Substantial evidence supports the biological plausibility of this finding. Experimental studies show that abnormal glucose metabolism impairs normal endothelial function, accelerates atherosclerotic plaque formation, and contributes to plaque rupture and thrombosis. Epidemiological studies provide complementary evidence. In the Rotterdam Study, among elderly participants with a fasting blood glucose ,110 mg/dL and without diabetes, those with higher blood glucose levels had higher levels of arterial stiffness (20) . The CATHAY study found that higher levels of glycemia (102-124 mg/dL) were associated with arterial endothelial dysfunction and intima-media thickening (21) . In a biomarker study in Italy, a number of CVD biomarkers showed positive dose-response relationships with fasting glucose across three strata: ,100; 100-109; and 110-125 mg/dL (22) . Our study adds to the increasing evidence that IFG is an independent risk factor for incident CVD, including ischemic heart disease and stroke (7) . In addition, the effects of other CVD risk factors may be enhanced by abnormal glucose metabolism (23) (24) (25) .
In 1997, the American Diabetes Association Expert Committee introduced the IFG category, defined at the time as fasting plasma glucose level of 110 to 125 mg/mL or a 2-h value on the oral glucose tolerance test of 140-199 mg/dL (26) . IFG is not a clinical entity in itself but is a risk category for development of diabetes and CVD (10) . In 2003, the American Diabetes Association Expert Committee lowered the cut-point for IFG to 100 mg/dL to align the proportion of the population that would be included in the category using fasting glucose and the oral glucose tolerance test, and to indicate that glucose levels ,110 mg/dL were predictive of diabetes development (26, 27) . Although previous studies also have identified an increased risk of CVD associated with IFG (100-125 mg/dL) (3, 5, 28, 29) , the size of KCPS provides a much more precise characterization of the up-turn in risk in relation to blood glucose level, placing it at ;90 mg/dL. As a consequence, our findings support lowering the current American Diabetes Association IFG cut-off of 100 mg/dL, and they also open the possibility that low fasting glucose levels may identify people at increased risk for CVD.
Severe hypoglycemia in diabetes is known to increase risks of vascular events (30) (31) (32) . Low fasting glucose levels in the nondiabetic population were associated with increased mortality in several studies (5, 15) . In our study, the lowest risk for CVD mortality occurred in the interval of 85-99 mg/dL, with a nadir at ;90 mg/dL, suggesting that the range of fasting glucose levels associated with the lowest risk for CVD is narrow. In a prospective cohort study of .40,000 people, the lowest total mortality was associated with fasting plasma glucose of 79-109 mg/dL (15) . In the study by Balkau et al. (33) , the interval of lowest total mortality was 94-103 mg/dL, and in the DECODE study it was 81-90 mg/dL (34) . The pooled analysis performed by the Emerging Risk Factors Collaboration described a nonlinear relationship between fasting glucose and coronary heart disease that had the same configuration as in the KCPS analysis (3). In the Atherosclerosis Risk in Communities (ARIC) study, Selvin et al. (35) found a J-shape relationship of glycated hemoglobin with risk for death attributable to coronary heart disease. Fasting blood glucose level ,100 mg/dL was not associated with coronary heart disease death (35) . Because different studies have used different categories for fasting glucose, further and perhaps pooled analyses of data from large studies should be performed using flexible models for doseresponse analysis to confirm our findings of a narrow range of fasting glucose levels with lowest mortality.
The basis of the association between low fasting glucose levels and risk for CVD in people without diabetes is unclear. Wei et al. (15) hypothesized that long-term exposure to low fasting plasma glucose may serve as a risk factor for CVD mortality, perhaps through abnormal cardiac activity and thrombosis, particularly in patients with atherosclerosis. Tanne et al. (36) reported a J-shape relationship between fasting plasma glucose and incident ischemic cerebrovascular events in Figure 2dHRs for cardiovascular outcomes by fasting serum glucose levels in female participants of the KCPS. To convert glucose from mg/dL to mmol/L, multiply by 0.0555.
care.diabetesjournals.org DIABETES CARE, VOLUME 36, JULY 2013 1991 patients with preexisting atherothrombotic disease and suggested that hypoglycemia or rapid changes in plasma glucose may lead to elevations of counter-regulatory hormones, such as epinephrine and norepinephrine, and these increases induce vasoconstriction and platelet aggregation (36) . In a pooled analysis of data from 97 cohorts involving people without vascular disease on enrollment, an increase in risk for vascular disease death was observed in those with blood glucose level ,70 mg/dL on enrollment (7). The cohort of Tanne et al. (36) was comprised of patients with documented coronary heart disease. Because CVD risk factors and development of CVD are usually associated with metabolic abnormalities that increase fasting plasma glucose, additional studies need to be conducted to understand if low fasting plasma glucose levels are a consequence of impending disease (i.e., reverse causation) or if they have a role in precipitating acute CVD events. Limitations of our findings need to be considered. First, single fasting glucose measurements are subject to substantial within-person variation and we did not perform 2-h glucose tolerance testing. Measurement error and between-study variability may have attenuated our results, adding to the identification of a narrow range of fasting glucose levels for optimal survival. Additionally, we measured serum glucose, not the currently recommended plasma glucose (37, 38) . However, because all measurements were of serum glucose, our findings should not be biased. Second, we lacked information on the evolution of fasting glucose levels and incidence of diabetes during follow-up, and we cannot identify if the increased risk associated with IFG depends on future evolution to diabetes or on other pathways. Third, we lacked data on other metabolic abnormalities associated with overweight and obesity and fat distribution. Fourth, the outcomes were obtained from admission records and death certificates. Because the outpatient records were not included, the incidence of CVD morbidity in our study may be lower than actual incidence.
With regard to generalizability of findings, the KCPS population differs from those of other investigations in several ways. Of course, participants were Asian and the population was also leaner than those in the other studies of blood glucose and CVD risk. The majority of males smoked, whereas only a few women smoked.
Fasting glucose is readily and widely measured for early detection and prevention of diabetes. Beyond risk for diabetes, it also conveys information about CVD risk. Additionally, the findings suggest that the optimal glucose level may be below the current cut-offs used to identify people at risk for CVD. Health care providers should recognize the J-shape relationship between fasting blood glucose and CVD risk in interpreting and communicating clinical data. analyzed data and edited the manuscript. J.M.S. developed the concept, discussed the analyses, and reviewed and edited the manuscript. S.H.J. is the guarantor of this work and, as such, had full access to all the data in the study and takes responsibility for the integrity of the data and the accuracy of the data analysis.
